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Summary

The results of a comparison between CAM-

RAD (Comprehensive Analytical Model of Rotor-

craft Aerodynamics and Dynamics) and rotor inflow

measurements using a laser velocimeter have been

presented. This information is presented for a rectan-

gular four-bladed rotor system operating at a thrust
coefficient of 0.0064. The inflow measurements were

made at azimuthal increments of 30 ° from an az-

inmth (_) of 0 ° at 3.0 in. (approximately one chord)

above the plane formed by the tips of the blades.
Measurements were made from radial locations of

the local radius nondimensionalized by a rotor ra-

dius of 0.2 to 1.1; the majority of the measurement
locations were concentrated toward the outboard

portion of the disc. The measurements included

time-averaged induced-inflow characteristics aud con-

ditionally sampled data. The model used in the

CAMRAD code utilized the "Scully Free-Wake" op-

tion. Two rotor-trim options were used in the

analysis.

The experimental measurements showed that as

the advance ratio increased, the induced-upflow re-

gion moved progressively from the forward 20 percent

of the rotor disc at an advance ratio (tL) of 0.15 to

a point where it covered most of tile forward half of

the rotor disc at # = 0.30. The presence of the con-

centrated tip vortices and rollup of the wake struc-

ture was evident in the tt = 0.15 data on both sides
of the rotor disc; however, as the advance ratio was

increased, the rollup process appeared to move far-
ther downstream and the influence on the local in-

duced velocities was reduced. The induced-inflow

characteristics at all advance ratios were unsymmet-

rical about the longitudinal centerline. The nmxi-

mum downwash was in the rear portion of the disc

and was skewed to the advancing-blade side.

The comparisons with the analytical method at

# = 0.15 show that the region of induced upflow

over the front 20 percent of the rotor was effectively

modeled. The evidence of the wake rollup process

on both sides of the rotor system was also indicated.

Comparisons at # = 0.23 and # = 0.30 showed the

inability of the method to model the extent of the

induced upflow measured over the forward portion

of the rotor disc. CAMRAD consistently indicated
that the largest values of induced-inflow ratio were on

the retreating-blade side of the rotor disc -opposite

from that measured. Computing the trim conditions

based on rotor propulsive force did not improve the

prediction of the extent of upflow at the higher

advance ratios and did not change the predictkm for
location of maximum downwash.

An effective mean flow-angle difference was calcu-

lated from the difference in velocities computed ana-

lytically and measured. The difference in rotor-blade

angle of attack is estinlated to be no more than 1° for

most of the operating conditions. There were, how-

ever, regions where the calculated differences were

significant. The worst was in the region where tile

flow-angle difference was greater than 1°. At an ad-

vance ratio of 0.15, this region was relatively small,
but as tile advance ratio increased to 0.23 and 0.30,

this region grew to an area that encompassed a large
percentage of the third quadrant of the rotor disc. In

these calculations, the method used for trim had very

little effect on the overall results of the comparisons

between measurement and analysis.

At each of the 180 measurement locations at

each advance-ratio condition tested, data collected

were conditionally sampled with rotor-blade position.

Only a selected sample of these are presented. The
time-history comparisons show tile azimuthal resolu-
tion linfitations in this version of CAMRAD. It was

obvious that the limitations ill the CAMRAD predic-

tion resolution resulted in a considerable degradation

of the inflow waveform compared with tile measured

data. The peak-to-peak variations of induced inflow
near tile blade cuff were not modeled well with the

CAM1RAD predictions; however, near the tip, the

waveform appears to have been modeled well by both

CAMRAD trim option calculations if tile linfitations
in azimuthal resolution in the CAMRAD calculations

are considered. It is important to recognize that the

resolution limitations of CAMRAD do not capture

the high gradients measured, partic, ularly near the

rotor-blade tip.

A global indication of the time-dependent inflow

characteristics was provided by presenting the fourth

harmonic of the order-ratio analyses of the measured

and predicted induced-inflow ratio. The experimen-

tal data showed that the oscillatory inflow character-

istics were at a maximum on the retreating-blade side

of the rotor disc, particularly in the third quadrant
between 180 ° and 270 ° azimuth. For all rotor test

conditions, the oscillatory inflow on the advancing-
blade side of the rotor disc was minimal.

The analytical predictions of oscillatory induced-

inflow ratio indicated a remarkable similarity to the

experimental data. At all advance ratios, the maxi-
mum oscillatory inflow was ill the third quadrant, but

at slightly higher values. The size of the maximum

oscillatory inflow region for tile analytical results

was much larger than for those measured, particu-

larly at an advance ratio of 0.23. The effects of the

high-gradient inflow characteristics in the measured
data were not shown here, since the contours were



t)resentedonly fi)r the fourth tlarmonic(or blade-
passagefrequency)andtheanalyseswerelinfited in
resolutionill tile timedomain.

Introduction

The inflow environnmnt of a helicopter rotor sys-

tom is affected by the circulation of the lifting blades.

the trailing circulation ill tile wake, and the pres-

en(:e of the fllselage. This inflow environment affects

the performance of the rotor system, which in turn

changes the wake structure and the flow field in which

the rotor, fllselage, and other surfaces must operate.

Current computational tools for helicopter aerody-

namic analysis that attempt to describe this envi-

romnent an(| account for this interactional process,

though sophisticatect, are not well proven. Ewm the
task of computing the rotor controls for trim and

steady level flight with any degree of confidence on

a day-to-day basis cannot be demonstrated. (See

ref. 1.) An integral part of the more complex aerody-
namic analyses for the prediction of rotorcraft perfor-
mance is the calculation of induced w'.locities at tile

rotor t)lane that are used in tile t)rocess of comput-

ing rotor-blade-segment angle of attack. (See ref. 2.)

Because of this mutual interDrence process, a priori

knowledge of the induced inflow to the rotor system

in the t)erformance l)rediction process is equivalent to

a priori knowledge of the results of the performance

analysis.

The design tools in use today, similar to those of
reference 2, typically utilize all iterative process be-

tween the t)erfornmnce calculations and rotor-wake

induced-inflow velocity calculations. Some of these

induced-inflow calculations utilize simplified assump-

tions that range from unifi)rn! inflow calculations

based on momentum considerations to more complex

approximations of the hmgitudinal and lateral vari-
ations of induced veh)eity over tile rotor disc. (See

ref. 3.) However, some of these tools have the capa-

bility of either internally calculating a wake structure

or allowing for the prescription of a wake in the anal-

ysis. The influence of this wake structure is use(t in

the induce(t-flow calculation process instead of the

more simplified inflow assmnt)tions.

The wake methods in use have had varying de-

grees of validation success, mostly compared with

the only global data available blade-tip-vortex

trajectories obtained by using flow-visualization
techniques. (See ref. 4.) The results of these vali-

(lation attempts have been encouraging. These wake
methods are typically use(t in more complex rotor

performance tools, primarily in the definition of the

induced flow to the rotor system. Therefore. it seems

that a pructent validation wouht t)e to examine the

ability of the wake metho(l to accurately compute

the induced velocity above the rotor. The availabil-

ity of tile nonintrusive laser velocitneter nleasuretnent

technique makes it t)ossible to obtain the necessary

measurements just abow_ the rotor system for this
validation process.

The purpose of this study was to document some

of the results of a continuing program of the Army

Aerostructures Directorate at Langley Research Cen-

ter (LaRC) with code validation as a major goal.
The results presented in this study are only a small

portion of the data acquired above a research ro-

tor and reI)resent the induced-veh)city characteris-
tics for this rotor at 3 advance ratios 0.15. 0.23.

and 0.30. These measm'ements were made on a

four-bladect, rectangular-planform, arti(:ulated rotor

system operating at representative tip Ma(:h num-

bers and thrust levels. The data presented arc: the

time-averaged and time-dependent measurements ac-

quired from references 5 to 7.

These data have been compared with the induced-

velocity calculations obtained using the free-wake

option (ref. 2) of the Comprehensive Analytical
Model of Rotorcraft Aerodynamics and Dynamics

(CAMRAD) - commonly referred to as the "Scully
Wake." (See ref. 8.) CAMRAD allows the user to se-

lectively determine the method of rotor-i)erformance

trim option. This report documents the effect of the

selection of two of tiles(', trim options.

Symbols

A rotor disc area, rrR 2

C T rotor thrust coefficient, T/(pAi'_)

q free-stream dynami(: pressure,

1/2pV_,, lbf/ft 2

local radius of rotor system, ft

rotor radius, ft

thrust produced by rotor, lbf

rotor t)ropulsive force, lhf

local velocity measured normal to

rotor tit)-path t)lane (I)ositive ut)),

ft/sec

free-stream velocity, ft/sec

rotor-blade-tip velocity _/-/, ft/sec

angle between rotor disk and free-

stream w_locity (positiw_ nose up),

deg

induced-inflow ratio, Ai = (v +

t% sin((_s))/Vl, (positive up)

rotor advance ratio, (I,'_ cos(r_.s))/l@

1"

R

T
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U

t%

VT

Ai
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P

rotor rotational speed, rad/sec

rotor azimuth measured from

downstream position (positive

counterclockwise) as viewed from

above, deg

air density, slug/ft 3

Experimental Apparatus

The experimental apparatus used in tiffs investi-

gation included the Langley 14- by 22-Foot Subsonic

Tunnel, the 2-meter rotor test system (2MRTS), and

a 2-component laser velocimeter system (LV). The

2MRTS is a general-purpose rotorcraft model system

mounted on a strut in the forward part of tile test

section of the 14- by 22-Foot Subsonic Tunnel. (See

fig. 1.) The system consists of a 29-hp electric-drive

motor, a 90 ° speed-reducing transmission, a blade-

pitch control system, and two, six-component strain-

gage balances used to provide independent measure-

ment of forces and moments on the rotor system and

fuselage shell. The four-bladed rotor hub is fully ar-

ticulated with viscous dampers for lead-lag motion

and coincident flap and lag hinges. More detailed

descriptions of the 2MRTS and the fuselage are con-
tained in reference 9. The blades used for these tests

were of rectangular planform, NACA 0012 airfoil dis-
tribution, linear -8 ° twist, aa.sS-in, radius, and 2.6-

in. chord. (See ref. 5.) No attempt was made to dy-

namically scale these rotor blades; rather, they were

very rigid, which reduced the uncertainty in the re-

suits caused by dynamic twisting of the blades.

The LV system used in this investigation was ca-

pable of measuring the instantaneous components of

velocity in the longitudinal (free stream) and verti-
cal directions. It is described in detail in each of

the data references (refs. 5 to 7) and includes four

subsystems: optics, traversing, data acquisition, and

seeding. The optics subsystem operated in back-

scatter mode and at high power (4 W in all lines) to

accommodate the long focal lengths needed to scan

the wide test section. The traverse subsystem pro-

vided 5 degrees of freedom (streamwise, vertical, lat-

eral, pan, and tilt) in positioning the measurement

location (sample volume) and was controlled by the

same computer that was used for data acquisition.

For this study, the traversing system was positioned

to the right of the test section when looking up-
stream. The data-acquisition subsystem interfaced

with the optical signal-processing equipment to re-

ceive two channels of raw LV data and up to five

channels of coincident auxiliary data. In this inves-

tigation, four of the auxiliary channels were used for

the acquisition of blade position. Two of the channels

(one each for the velocity components) measured the
azimuthal position of tile rotor shaft, and the other

two measured lead-lag and flapping motion. This sys-

tem converted the raw LV data to engineering units
and determined the statistical characteristics of the

acquired data so that the test results could be eval-

uated during the acquisition process. The raw data,
the data which had been converted to engineering

units, and 64 parameters from the tunnel static data-

acquisition system were written to magnetic tape for
later analysis. The final flmction performed by tile

data system was to control the five-degree-of-freedom
traversing system. The seeding subsystem was a

solid-particle, liquid-dispensing system. (See refs. 10

and 11.) The particles used in this investigation were
polystyrene and were 1.7 #m in diameter. The ad-

vantages of the polystyrene particles were their low

density, high reflectivity, and precise particle size.

Test Procedures

In all cases, measurements were made at az-

inmthal increments of 30 ° from ko = 0° at 3.0 in.

(approximately one chord) above the plane formed by

the tips of the blades. Measurements were made from

radial locations of r/R = 0.2 to r/R = 1.10, and the

majority of the measurement locations were concen-

trated toward the outboard portion of the disk. (See

fig. 2.) During the test, the rotor-shaft angle of at-
tack was maintained at 3 ° relative to the free stream

for the advance-ratio data of 0.15 and 0.23, and at 4 °

for the advance-ratio data of 0.30. When longitudinal

and lateral flapping relative to the shaft were main-

tained at zero, the performance measurements indi-

cated that these shaft angles resulted in zero propul-

sive force at these three advance ratios. The oper-

ating tip speed for tile test was held at 624 ft/sec

(2113 rpm), and the nominal rotor thrust coefficient
was held at 0.0064. Further details of the test operat-

ing conditions are contained in references 5 to 7. The

LV data-acquisition process consisted of placing the

sample volume at the measurement location and ac-

quiring the conditionally sampled data for a period of

2 min, or until 4096 individual particle velocity mea-

surements were made in either the longitudinal or

the vertical component. Each of the individual par-

ticle velocity measurements in each component were

associated with a number that represented the blade
azimuth position at the time of the measurement. At

the conclusion of the process, the measurement lo-

cation was changed and the acquisition process was
repeated.

Analytical Method

Even though a stand-alone version of the free-

wake module incorporated within CAMRAD was

3



available,theCAMRADanalysiswasutilizedfor the
calculationspresentedherein.Thecompleteanaly-
siswasusedbecauseof the ability to evaluatethe
effectsof severalrotor-systemparametersuniqueto
this method,suchasbladetorsionalstiffness,blade
massdistribution,lead-laghingestiffnessanddamp-
ingcharacteristics,andcontrol-systemstiffnesschar-
acteristics.Also,theability to incorporatetheinflow
solutionfrom a selectedwakegeometrywithin the
rotor trim solutionwasconsideredto beimportant.

Theonlywakegeometryoptionselectedforanal-
ysiswith the CAMRADmethodologywasthe free-
wake modeldevelopedby Scully (ref. 8). The
method,fullydescribedin references2and8,consists
of linesegmentsfor thetip vorticesandanoptionof
rectangularsheetsor line segmentsfor the inboard
shedandtrailed-wakevorticity.Fortheanalysespre-
sented,the inboardshedandtrailed-wakevorticity
weremodeledaslinesegments.Only thegeometry
of therolled-uptip vortices(in thiscaseselectedto
includeall trailing vorticesoutboardof 80-percent
span)wasallowedto distort in the full relaxation
technique.A rigid geometrywasusedfor all the in-
boardvorticity.

The calculationof the wakegeometryincorpo-
ratesanefficiencyprocedurethat utilizesanear-wake
andfar-wakescheme.At anygiventimein thewake
geometrycalculation,aboundaryexistsbetweenthe
distortedwakeandthe initial rigid wake.Account-
ing for the inducedeffectsfromthe far wakeat the
boundaryin the near-wakecalculationsandupdat-
ingtheboundaryconditionsonalimitedbut regular
basiswaseffectivein reducingthecomputationtime
andprovidingreasonableaccuracyandconvergence.

The two trim optionsutilized in this analysis
included:

1. trimmingthrust coefficientto that setin the
wind-tunnelexperimentbyusingtherotorcollective.
Rotorlongitudinalandlateralcyclicsandshaftangle
of attackweresetto thoseusedin theexperiment.

2. trimminglift coefficient,longitudinalandlat-
eralflappingangles,andpropulsiveforcecoefficient
by usingcollective,rotor longitudinaland lateral
cyclics,andshaftangleof attack.

In thepresentmodelingprocess,thecalculations
wereverysensitiveto the lead-laghingestiffnessand
dampingcharacteristicsparameters.Accountingfor
theseandtrimmingtherotor systemto thedesired
valuesof C T and longitudinal and lateral flapping,
the calculated cyclic control angles were close to the

values measured in the wind tunnel. This experi-
ence provided confidence in the selection of the struc-

tural properties to be included in the calculations

for the off-rotor, field-point induced velocities. Be-

cause of these preliminary calculations, trim option 1

trimmed only to thrust coefficient. The experimen-

tally measured cyclic controls and angle of attack

were used, and the resulting blade-motion calcula-
tions were checked to be consistent with those mea-

sured (zero longitudinal and lateral flapping). For

trim option 2, trimming included all the parameters
mentioned above.

The calculations presented in this paper were all

made on a DEC VAX 11/780 and two MicroVAX II

computer systems. The field velocity calculations
were made in a plane off the rotor disc identical

with the plane measured in the laser velocimeter

experiments. Some of the critical parameters used

in the rotor aerodynamic modeling were

1. 9 radial aerodynamic segments with edges at
r/R = 0.246, 0.45, 0.55, 0.6625, 0.7375, 0.8, 0.85,
0.9, 0.95, and 1.0

2. 0.97 tip-loss factor

3. uniform radial distribution of blade mass,

chordwise bending stiffness, flapwise bending stiff-
ness, and torsional stiffness

4. static stall model

5. NACA 0012 low Reynolds number airfoil data
tables used

Some of the critical parameters used in the

"Scully Wake" model were

1. 3 wake geometry iterations

2. 0.0025 r/R tip vortex core radii

3. vortex core bursting suppressed

4. all vortices defined with line segments of linear
circulation distribution

5. wake extent definition was: Near wake = 6,

Far wake = 12, and Far wake for field-point velocity
calculations = 96

Results and Discussion

Experimental Results

The average induced-inflow-ratio data measured

above the rotor system for advance ratios of 0.15,

0.23, and 0.30 are presented in contour format in fig-
ure 3. The view in figure 3 is as if the reader were
above the rotor looking down on the rotor disc. The

free-stream direction is from left to right, and the di-
rection of rotor rotation is counterclockwise. Two cir-

cles are evident in each part of figure 3 the inboard
radius, where the innermost measurements were ac-

quired, and the path of the tip of the rotor blades.

The data presented in figure 3 are shown as regions
of induced-inflow ratio represented by different col-

ors. For instance, in figure 3(a) induced-inflow-ratio

4



values between 0 and -0.01 are represented by the
color blue. The induced-inflow ratio is defined as

,_i = (v + Voc sin(c_s))/VT

where v is the component of the measured induced-

velocity vector that has been resolved normal to the
rotor tip-path plane. The maximum and minimum
values of measured induced inflow are listed at the

bottom of each figure on either end of the color bar.
The zero-velocity line is important on each con-

tour plot and is consistently indicated as the border
between the colors blue and brown. The results at
all three advance-ratio conditions indicate that the

induced flow to this rotor system is not symmetri-
cal about the longitudinal centerline of the rotor and
that the greatest downwash occurs in the rear por-
tion of the disc and is skewed to the advancing side.
The extent of the induced-upflow region moves pro-
gressively from the forward portion of the disc at
# = 0.15, where it encompasses only 20 percent of
the disc, to a point where it covers most of the for-
ward half of the disc at # = 0.30. The presence
of the concentrated tip vortices and rollup of the
wake structure are indicated in the it -- 0.15 data on
both sides of the rotor disc, where the contours are

tightly spaced; these factors are indications of large
velocity gradients. However, as the advance ratio is
increased, the evidence of the rollup process moves
farther downstream, and the influence of the local in-
duced velocities is less. At # = 0.30, the contours on
the advancing side of the rotor do not indicate the
strong velocity gradients that existed at it = 0.15.

Analytical Comparisons

The induced-inflow calculations from CAMRAD

using trim option 1 (trimming only to CT and using
the experimental values of rotor cyclics and shaft an-
gle of attack) were already available in reference 12.
However, the results of that analysis raised questions
as to the accuracy of the analytical procedure for
computing the induced-inflow characteristics based
on setting the shaft angle of attack to the experi-
mental value. Therefore, trim option 2 in CAMRAD
was used to evaluate the effect of trimming the rotor
to the correct propulsive-force coefficient. In the ex-
periment, the rotor-system propulsive force was set

to 0.0; however, this measurement included the drag
forces produced by all the rotating components, such
as the rotor blades, hub, shaft, and push rods (not the
fuselage). Since CAMRAD does not model all these
components (notably the hub, shaft, and push rods),
it was necessary to estimate the propulsive force re-
quired to overcome the parasitic drag of these ele-
ments. To accomplish this, CAMRAD was exercised

at several levels of propulsive force, and these perfor-
mance predictions were compared with the results of
the experiment at the three advance ratios tested.

The results of these calculations are presented in

figure 4 for a range of frontal flat-plate area esti-
mates x/q from 0 to 0.4. Presented in the results
are the predictions for horsepower, shaft angle of at-
tack, rotor collective, rotor longitudinal cyclic, and
rotor lateral cyclic (figs. 4(a) to 4(e)). The experi-
mentally determined values are also presented in each
figure. It is evident from figure 4(a) that the required
horsepower predicted by CAMRAD by using the ex-
perimental shaft angle of attack does not represent
the horsepower used in the experiment. The frontal
flat-plate area most appropriate for these calculations
should be x/q = 0.2. Calculations of the shaft an-
gle of attack, rotor collective, and rotor lateral cyclic
(figs. 4(b), 4(c), and 4(e)) are inconclusive in deter-
mining the required frontal area. Longitudinal-cyclic
calculations (fig. 4(d)) indicate that the appropriate
trim calculations should either be set at the experi-
mental shaft angle of attack or trimmed to x/q = 0.2.
As expected, the rotor-shaft angle of attack required
to trim the rotor to zero propulsive force changes
at each advance ratio. This is evident in the mea-

sured and predicted results. It should not be assumed
that the frontal area of the parasitic-drag compo-
nents would remain constant for each of these angles
at the different advance ratios; however, to evaluate
the effect of this particular trimming option, it was
decided that trimming to a propulsive force of 0.2
would be most effective.

The results of the analytical calculations for trim
options 1 and 2 are presented in figures 5(a) and (b)
for it = 0.15, in figures 6(a) and (b) for it = 0.23, and
in figures 7(a) and (b) for it = 0.30. The format is
similar to that for the experimental contour plots of
figure 3. Every effort was made to calculate contour
levels, from the analytical results at each advance
ratio, that were consistent with those calculated from
experimental results. The inner circle represents the
innermost portion of the disc for which calculations
were made, and the black circle is the path of the
tips. The view is again from above with the free
stream from left to right. The direction of rotation
is counterclockwise. The maximum and minimum
values of induced inflow calculated are listed at the

bottom of each figure on either end of the color bar.

When compared with the data presented in fig-
ure 3(a), the calculations presented in figures 5(a)
and (b) at it = 0.15 show that the predictions also
indicate a region of upflow over the front 20 percent
of the rotor disc. The high gradients experienced,
particularly on the advancing side of the rotor, are
predicted by the method. One interesting detail in



both trim-option calculations is that the maximum

downwash is located on the retreating side of the ro-

tor disc--just the opposite from what the experiment

shows. As shown in figures 5(a) and (b), no appre-
ciable difference call be seen between the results of

the two trim-option calculations.

The results of the calculations at # = 0.23 (fig. 6)

are similar to those at # = 0.15, but there are

some notable exceptions. When compared with the

experimental data of figure 3(b), it is evident that

the extent of the induced upflow at # = 0.23 was not

modeled well by either of the trim-option methods

used. Even though the experimental data show

weaker gradients on either side of the rotor at # --

0.23 than at # = 0.15, the rollup process is still

indicated and modeled to some degree by both of
the trim-option methods.

The results for the predictions at tt = 0.30 are

presented in figure 7 and are similar to those at

# = 0.23. The method fails to model the ex-

tent of induced upflow as measured in the experi-

ment (fig. 3(c)). The effect of trimming the rotor

to an appropriate propulsive force does not pro-

vide for a modeling to the extent of upflow that

was hoped. The analysis again indicates that the

maximum downwash ()(:curs on the retreating-blade
side of the rotor disc opposite from that measured

(fig. 3(c)).

These detailed differences seem significant, but
when considering the implications of the application

of the analyses, it is important to determine the rela-

tive effects of the inability of the analysis in the pre-
diction process. One of the uses for the wake methods

is to calculate the induced velocities, and thus the lo-

cal blade angle of attack, in the process of computing
the blade load distribution and rotor performance. In
the rotor environment, it is difficult to measure the

local rotor-blade angle of attack. To provide a rela-

tive measure of the errors involved in the predicted
calculations for angle of attack, the differences be-
tween the wake calculations and the data were used

only with the free-stream velocity and rotor rota-

tional velocity to compute the error in the methods

of predicting the local mean-flow angle. Emphasis

must be placed on the word "relative," because these

numbers should not be taken as an absolute repre-
sentation of the angle-of-attack distribution for the

rotor blades; the measurements in the rotor environ-

ment are never free of the induced effect of the lifting
blades. Only the normal component of induced veloc-

ity, rotor rotational velocity, and free-stream velocity
are used in these simple calculations.

The data presented in figures 8, 9, and 10 are
the distributions of the calculated relative difference

in flow angle computed from the experimental data

and that computed by each analysis. The figures

are similar to the other color contour plots, but

each color represents a region of calculated angle
between two limits. For instance, all calculated

angles in figure 8(a) between 0 ° and 1° are shown

in yellow. Again, the calculations do not include

any induced-velocity components other than those

measured or calculated normal to the rotor tip-path
plane. Because of the relatively low local rotational

velocity at the inner part of the rotor, and because

of the effects of the hub and fuselage (which are

not modeled in the theory), the difference in flow-

angle calculations tends to be larger near the tips;
this difference is not necessarily caused by the fact

that the difference in calculating induced velocities

is greater. The difference becomes more apparent
near the region of reversed velocities near the hub on

the retreating-blade side of the hub.

This relative difference in mean-flow angle for
most of the test conditions is between 1° and +1°;
that is, the error in the calculation of rotor-blade an-

gle of attack may be no more than 1°. Even though

this can be significant, depending on the local on-
set flow velocity, in predicting a thrust distribution

over the rotor disc, regions of larger flow-angle dif-
ference are of more concern. In the first quadrant

(advancing-blade side), the larger negative flow-angle

differences are the direct result of the inability of the

analysis to compute the degree of downwash on this

side of the rotor. However, the greatest concern is for

the region where the flow-angle error is greater than

1°. At an advance ratio of 0.15 (figs. 8(a) and 8(b))
this region is relatively small, but as the advance ra-

tio increases to 0.23 and 0.30, this region grows to

an area that encompasses a large percentage of the

third quadrant of the rotor disc (figs. 9 and 10). In

these calculations, the method used for trim had very
little effect on the overall results of the comparisons

of measurement versus analysis.

Time Dependent Induced Inflow

At each of the 180 measurement locations at each

advance-ratio condition tested, data were condition-

ally sampled with rotor-blade position. These data

were sorted in "bins" of constant azimuth width, and
the statistical mean was calculated in each bin. In-

stead of presenting all 540 time-dependent plots and

corresponding CAMRAD predictions available in the

data base, selected samples of these are presented

in time-history format in figures 11 to 13. A mea-

sure of the unsteady time-dependent flow is provided

by calculating the order ratio analysis of each of
the time-history measurements and CAMRAD cal-

culations and selecting the blade-passage order (the
frequency corresponding to 4 times the rotational



frequency).An order-ratioanalysisof a samplein-
flowmeasurementat a selectedlocationis provided
in figure14. Thesenumberswereall collectedand
presentedin figures15and16asthedistributionof
thefourthharmonicof theoscillatoryinduced-inflow
ratio.

Thedatapresentedin figures11to 13represent
selectedtimehistoriesat advanceratiosof 0.15(150°
azimuth),0.23(330° azimuth),and 0.30(180° az-
imuth), respectively.Part (a) of eachfigureis an
exampleof a comparisonof the measurementwith
thetwoCAMRADtrim-optioncalculationsat amea-
surementlocationnearthe root of the rotor blade;
part (b) of eachfigureis anexampleof sucha com-
parisonat a measurementlocationnearthe tip of
therotor blade.Theinduced-inflowratioplottedas
aflmctionofthepositionof thenumber-1blade(ref-
erenceblade)at the instant the measurementwas
madeis shownin eachportionof eachfigure. The
mostobviousdifferencebetweenthe measurements
andtheCAMRADpredictionsis theresolutioninaz-
imuth. Themeasurementresolutionwas2.81°, and
the CAMRADpredictionresolutionwas15°. This
wasthemaximumresolutionavailablein thisversion
ofCAMRADusingthefree-wakeoption.Thelimita-
tionsin theCAMRADpredictionresolutionresulted
in aconsiderabledegradationof the inflowwaveform
comparedwith themeasureddata.

Foran advanceratio of 0.15(fig. 11),the peak-
to-peakvariationof inducedinflow at r/R = 0.4

(fig. 11(a)) was not modeled well with the CAM-

RAD predictions; however, near the tip at r/R = 0.9,
the waveform was modeled well by both CAMRAD

trim-option calculations if the limitations in azimuth
resolution in the CAMRAD calculations are consid-

ered. The second trim option did increase the peak-

to-peak oscillatory inflow prediction at the inboard
radial positions, but not to the level of the measured

peak-to-peak oscillatory inflow (fig. ll(a)). It is im-
portant to recognize that the resolution limitations

of CAMRAD do not capture the high gradients mea-

sured near 60 ° azimuth, particularly near the rotor-

blade tip. Similar conclusions can be drawn from the

data presented for advance ratios of 0.23 and 0.30.

As mentioned previously, 540 of these comparisons

can be presented, but another method of present-

ing a global description of these oscillatory induced-
inflow-ratio comparisons is required. To accomplish

this comparison, the shaft-order, conditionally sam-

pled, amplitude spectrum was computed at each of
the 180 measurement locations. From these spectra,

the fourth harmonic (blade-passage frequency) was

chosen to be representative of oscillatory character-
istics. This fourth-harmonic amplitude value was col-

lected for all measurement locations and is presented

in contour format in figures 15 and 16.

Figure 15 provides this fourth harmonic of the

order-ratio analysis of the measured induced-inflow
ratio for the test-condition advance ratios of 0.15,

0.23, and 0.30. These comparisons can obviously be
extended for other harmonics; however, a compari-

son with the CAMRAD analysis for the fimrth har-

monic is sufficient for the purposes of this analysis.

Figure 16 presents these calculations for the CAM-

RAD analyses for trim option 1 at advance ratios

of 0.15, 0.23, and 0.30. Considering the limited im-

provements obtained by trim option 2 and a careful
review of the results of these calculations using this

trim option, these results are not presented. The

format of figures 15 and 16 are similar to the con-

tour plots already presented for tile distribution of
induced-inflow ratio.

The experimental data presented in figure 15

show that the oscillatory inflow characteristics are
at a maximum on the retreating-blade side of the

rotor disc. The maximum oscillatory inflow occurs in

the third quadrant between 180 ° and 270 ° azimuth,

particularly at an advance ratio of 0.30. For all
rotor-test conditions, the oscillatory inflow on the

advancing-blade side of the rotor disc is minimum.

The data presented in figure 15(a) show a large

oscillatory inflow in the fourth and third quadrants.

This can also be seen at the higher advance ratio, but

not at the same high levels evident in figure 15(a).

Tile analytical predictions of oscillatory induced-

inflow ratio are presented in figure 16 and indicate

an important similarity to the experimental data.

Considering that the oscillatory inflow characteris-

tics presented in these figures are directly related to
the effect of the blade passage, it is hoped that the

analysis would reproduce the effects of the distur-

bance of the passage of the lifting body. However,

considering the inability of the method to compute

the average inflow effects and the implications of this

deficiency in the prediction of angle of attack and re-

sulting spanwise and azinmthally dependent blade-
load distribution, it is surprising that the trends ev-

ident in the oscillatory induced calculations are so

similar to the experimentally measured values. At

all advance ratios, the maximum oscillatory inflow is

in the third quadrant, but at slightly higher values
than those measured. The large oscillatory inflow

evident in the experimental data in the fourth quad-

rant is also present in the analytical predictions. The
size of the maxinmm oscillatory inflow for the ana-

lytical results is nnlch larger than those measured,

particularly at an advance ratio of 0.23 (figs. 15(b)

and 16(b)). The contours shown for the analytical



resultsare inuch smootherthan thosenmasured,
probablybecausethe measurenmntsareaffectedby
blade-to-bladevariability,whereasthepredictionsas-
sumethat tile resultsof eachbladepassageis iden-
tical to the other three. The effectsof the high-
gradientinflowcharacteristicson tile nmasureddata
arenot shownhere,becausethe contours are pre-

sented only for the fourth harlnonic (or blade-passage
freque, ncy). The results from the predictions using

tritn ot)tion 2 are not shown, because the results do

not contribute to those conclusions already obtained.

Concluding Remarks

A comparison between CAMRAD (Comprehen-
sive Analytical Model of Rotorcraft Aerodynamics

and Dynanfics) and rotor inflow ineasurements using

a laser velocimeter has been presented. The results

are presented for a four-bladed rotor system, with

rectangular blade planform, operating at a thrust
coefficient of 0.0064. Tile measurements were ob-

tained at azilnuthal increments of 30 °, 3.0 in. above

tile plane formed l)y the tips of the blades at radial

h)cations ranging from 20 percent to 110 percent of

the span. The measurements inchlded time-averaged

induced-inflow characteristics and conditionally san>
pied data. Tile model used in tile CAMRAD code

utilized the "Scully Free-Wake" option. Two rotor-

trim options were used in the analysis. The results

observed fronl the experimental measurements ill-
eluded:

1. As tile advance ratio was increased, the region

of average induced upflow progressively moved from

the forward 20 percent of the rotor disc to most of
the front half of the rotor disc.

2. The maximum downwash occurred in tim rear

portion of tile rotor disc and skewed to the advancing-
blade side of the disc.

Comparison of the analytical method CAMRAD

with the measurements resulted in tile following con-
clusions:

computing the effective mean-flow-angle error at the
measurement location. The results were as follows:

1. Over most of the rotor disc at all three advance

ratios, tim error in this flow-angle correction was no

more than 1°. However. because of the inability of

the methods to predict tile extent of the induced up-

flow (particularly at the higher advance ratios), there
were large regions where this error in calculated flow

angle was of concerlt froln a perforulan(:e-l)rediction
standpoint.

2. Again, the trim-option selection was not criti-
cal in the calculations.

The comparison of tile tinle-det)en<tent character-
istics of the measurements with those of CAM-

RAD showed that the high gradients evident in the

measured results near blade passage were not at

all captured by the analysis, particularly near the

rotor-blade tip. Tile global indication of tile time-

dependent inflow as represented by the fourth har-

monic of the order-ratio analyses of both tile mea-

sured and predicted inflow suggested the following
conclusions:

1. The maximum amplitude of tile fourth-
harmonic induced inflow occurred in tile measure-

ment and the analysis in the third quadrant of the
rotor disc.

2. Tile size of this region was nmch larger for tim

analysis than was measured, t)articularly at. tile 0.23
advance ratio.

Generally, the analyses were deficient in the predic-

tion of mean inflow characteristics at the higher ad-

vance ratios. Considering tile implications of this

deficiency related to angle of attack and resulting

spanwise blade load distribution, it was surprising

that the trends found in the oscillatory induced cal-
culations were so similar to the measured values.

NASA Langley Research Center
Hampton, VA 23665-5225
October 10, 1989

1. The amount of average induced upflow was

effectiw',ly modeled only at the 0.15 advance ratio and

was sew'rely underpredicted at the ifigher a(tvance
ratios.

2. The maxinmm predicted downwash consis-
tently occurred in the rear portion of the rotor disc:

and skewed to the retreating-blade side of the disc.

3. Using tile trim option that computed triin

b_med on rotor propulsive force did not affect these
conchlsions.

The evaluation ot' the ability of the nmthod to cal-

culate h)cal rotor-t)lade angle of attack was done by
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Figure 1. 2-meter rotor test system and laser-velocimeter system in Langley 14- by 22-Foot Subsonic
Tunnel.
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Figure 2. Location of velocity measurements 3.0 in. above rotor tip-path plane.
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Figure 3; Measured induced=inflow-ratio distribution 3 in. above rotor tip-path plane.
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Figure 5. CAMRAD predictions for induced-inflow-ratio distribution at # = 0.15.

15



ORIGINAL PAGE

COLOR PHOTOGRAPH

v.

(a) Trim option 1.

v

(b) Trim option 2.

Figure 6. CAMRAD predictions for induced-inflow-ratio distribution at # = 0.23.
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Figure 7. CAMRAD predictions for induced-inflow-ratio distribution at # = 0.30.
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